Introduction
Cystic fibrosis (CF) is a monogenetic disease characterized by chronic airway infection and bronchiectasis that is caused by mutations in the cystic fibrosis transmembrane regulator (CFTR) gene. It is clear that CF patients have impaired (3, 4) , which may contribute to CF airway disease pathogenesis (5, 6) . A third function proposed for CFTR is as an ATP channel and/or regulator of ATP release (7) (8) (9) (10) (11) (12) (13) (14) . Since ATP can regulate mucociliary clearance via airway P2Y 2 nucleotide receptors (15, 16) by increasing cilia beat frequency (17) (18) (19) , chloride secretion (20, 21) , and goblet cell degranulation (22, 23) , mutations in CFTR could lead to a reduced ATP concentration on airway surfaces and adversely affect lung defense.
The earliest notion that CFTR may be involved in ATP transport emanated from studies of the multi-drug resistance protein (MDR), which like CFTR, is a member of the ATPbinding cassette (ABC) family of transporters (24) . Subsequently, a number of in vitro studies showed either direct ATP conduction through CFTR using patch clamp techniques, or evidence for a direct relationship between normal CFTR expression and ATP release (7) (8) (9) (10) (11) (12) (13) (14) . Conflicting with these reports, however, are studies using a variety of methodologies that could not detect CFTR-dependent ATP release (25) (26) (27) (28) (29) . It may be difficult to resolve these discrepant results, because of the wide variety of heterologous cells and techniques employed. As an alternative approach, we utilized an in vivo approach to investigate the relevance of CFTRmediated nucleotide release from airway epithelial cells.
Using the nose as an in vivo model of human airways, we measured basal concentrations of ATP and UTP in nasal airway surface liquid (ASL) from both normal and CF subjects. Because basal nucleotide levels may reflect the net activities of steady state cellular release and extracellular degradation, we characterized each of these processes. Membraneassociated nucleotide 5Ј-triphosphate (NTP) metabolism was measured in normal and CF nasal epithelial cells. Basal rates of ATP release were measured in well-differentiated normal and CF tracheobronchial cell cultures and in vivo during continuous nasal perfusion. The possibility of cAMP-dependent regulation of ATP release by isoproterenol was also tested in vivo.
Materials and Methods

Subjects
Normal (age 30.7 Ϯ 2.2 years; range 21-44 years; n ϭ 11) and CF (age 22.5 Ϯ 1.1 years; range 18-29 years; n ϭ 11) subjects without visible nasal inflammation or recent nasal symptoms were studied after obtaining informed consent in accordance with the University of North Carolina Human Rights Committee. For the measurement of basal ATP concentration in nasal ASL, 11 normal and 11 CF subjects were studied. Basal UTP concentration was measured in five normal and five CF subjects. In vivo ATP release in response to isoproterenol and during continuous saline perfusion was studied in five normal and five CF subjects. Nasal submucosal gland secretions were obtained from four normal subjects and three subjects with CF. Normal and CF nasal and tracheobronchial cells for in vitro ATP release and metabolism experiments were harvested from surgical specimens, as described below. H]NDP was confirmed using high performance liquid chromatography (HPLC). For nasal studies, methacholine was purchased from Amend Drug and Chemical (Irvington, NJ), and ipratropium bromide from Boehringer Ingelheim (Ridgefield, CT). All other reagents were purchased from Sigma (St. Louis, MO).
Materials
Measurement of Basal ATP and UTP Concentrations in Airway Surface Liquid in vivo
SAMPLE COLLECTION. A sampling device, consisting of a convex shield with a short sampling tube, was used to form a seal with the external nares without contacting the nasal mucosa. With this device, a 5 ml volume of saline (37ЊC) was gently instilled into the nasal cavity over several seconds and immediately recovered by gravity flow into a sterile container. A 1 ml aliquot was immediately assayed for ATP concentration using the luciferinluciferase assay, and the remainder was frozen for subsequent measurements of UTP and urea concentrations.
MEASUREMENT OF ATP CONCENTRATION VIA THE LU-CIFERIN-LUCIFERASE ASSAY. Luminometry (AutoLumat 953; Berthold Analytical Instruments Inc., Nashua, NH) was performed on a 1 ml aliquot of nasal lavage by injecting 100 l of freshly prepared luciferin-luciferase solution N-2-hydroxyethyl piperazine-N-2-ethanesulfonic acid (HEPES) 25 mM; MgCl 2 6.25 mM; EDTA 0.63 mM; dithiothreitol 75 M; bovine serum albumin (BSA) 1 mg/ml; luciferase 5 g/ml; luciferin 300 M; pH 7.8) into the sample and measuring light production for 10 sec. An ATP standard curve was prepared in 1 ml of 0.9% NaCl for each group of sample measurements, and was linear over more than four orders of ATP concentration, from 1 ϫ 10 Ϫ10 to . A linear gradient was developed from 100% buffer A to 80% buffer B over the first 13 min, followed by an additional 7 min of 100% buffer A. Absorbance at 264 nm was monitored with an SPD10A UV detector (Shimadzu, Columbia, MD), and radioactivity was measured online with a Flo-One detector (Packard; Meridan, CT).
UREA ASSAY. Measurement of urea concentration in nasal lavage samples was performed using the Sigma BUN (Endpoint) diagnostic kit, as described by the manufacturer. Because plasma urea measurements were not available for normal subjects, a normal value of 12 mg/dl was used for comparison in all cases. All CF subjects had recent clinical measurements of blood urea nitrogen (BUN), and none were outside of the normal range (8-16 mg/dl). The [urea]/12 quotient was used to normalize each basal ATP and UTP measurement for the extent of dilution (32) . LACTATE DEHYDROGENASE ASSAY. Nasal lavage samples obtained for measurement of basal ATP or UTP concentrations, as well as samples obtained during nasal perfusion, were assayed for lactate dehydrogenase activity using a colorimetric assay kit as directed by the manufacturer (Sigma).
ATP Release from Cultured Airway Epithelial Cells
CELL CULTURE. Well-differentiated human tracheobronchial and nasal epithelial cultures were produced from normal and CF specimens as previously described (33) . Briefly, cells were harvested from surgical specimens (tracheobronchial or nasal turbinate) via protease digestion and grown on 100 mm tissue culture dishes in modified bronchiol epithelial growth media (BEGM) media (Biofluids Inc., Rockville, MD). With the first passage, cells were seeded on Costar 12 mm Transwell-Col supports at a density of 0.25 ϫ 10 6 /cm 2 . Upon confluence, the apical surface was rinsed with phosphate-buffered saline (PBS) thrice weekly, and medium replaced only in the basolateral compartment. Cultures were used when they were fully differentiated, approximately 4 weeks after confluence.
ATP RELEASE ASSAY. To quantitate basal ATP release, CF and normal tracheobronchial epithelial cells were gently washed three times with PBS, then left undisturbed in an incubator (37ЊC; 5% CO 2 ) for at least 3 hr after adding 500 l minimal essential media (MEM) media to the apical surface. This incubation period was determined to be necessary to allow the ATP concentration in the apical bath to reach equilibrium. A trace amount of high specific activity [ 32 P]␥ATP (0.3 Ci: 3000 Ci/mmole) then was added to the apical media, which was calculated to increase the ATP concentration in the media by Ͻ0.15 nM. Samples were analyzed at various time-points with the luciferinluciferase assay to determine ATP concentration, and HPLC to quantitate the rate of [ 32 P]␥ATP metabolism. Under equilibrium conditions (constant ATP concentration), the rate of ATP metabolism, as determined by the product of the initial rate of [ 32 P]␥ATP hydrolysis and the steady-state ATP concentration, was assumed to equal the rate of ATP release. Cells originating from three normal and two CF patients were used in these experiments. Measurements from at least three cultures were made from each patient.
ATP Release in vivo
To test whether there was a basal rate of ATP release in vivo, a thin polyethylene catheter was placed under the inferior nasal turbinate using direct vision and carefully anchored to maintain stationary positioning. Perfusion with warmed (37ЊC), isotonic saline was then initiated at 5 ml/min, and the perfusate allowed to drip from the nose by gravity into a sterile container. Samples were collected at 1 minute intervals and immediately assayed for ATP concentration with the luciferin-luciferase assay. Addition of 15 nM ATP to the superfusate resulted in quantitative recovery of the added ATP in the collected lavage fluid, suggesting little impact on ATP concentration by surface nucleotidases at this perfusion rate (data not shown).
To test whether increases in cellular cAMP induced ATP release in vivo, subjects were treated with ipratropium bromide (168 g per nostril) 30-60 min prior to study to inhibit nasal submucosal gland secretion. 200 l of warmed (37ЊC) isoproterenol (10 M) or vehicle (0.9% NaCl) was applied to one nostril with a hand-held nebulizer, followed 2 min later by lavage with 5 ml of warmed saline using the sampling technique described with basal ATP concentration measurements. The opposite nostril was treated in an identical fashion with the complementary agent (vehicle or isoproterenol). Samples obtained by this method were immediately frozen for subsequent analysis of ATP and urea concentrations.
Regulation of ATP Concentration in ASL by Nasal Submucosal Gland Secretions in vivo
COLLECTION OF NASAL SUBMUCOSAL GLAND SECRE-TIONS. To study the impact of submucosal gland (SMG) secretions on luminal ATP concentration, a baseline nasal lavage was first performed by delivering a total of 2 ml of 0.9% saline to one nasal cavity with a hand-held nebulizer (100 l/ actuation). The lavage was recovered by expelling the liquid from the nose into a sterile specimen cup after every five actuations. Next, to obtain a lavage enriched with SMG secretions, methacholine (30 mg, 100 mg/ml solution) was delivered via nebulizer into the same nostril, followed 2 min later by a lavage as described above. To test the specificity of methacholine-induced effects, the opposite nostril was pretreated with ipratropium bromide (168 g, 42 g/actuation). 15 min later, methacholine (30 mg) was applied, followed in 2 min by a nasal lavage as described above. The volume of each lavage return was measured, mixed 1:1 with a Tris buffer solution [in mM: Tris HCl, 100; MgCl 2 , 2; DL-Dithiothreitol (DTT), 3; pH 7.4], and incubated (37ЊC for 30 min) with intermittent vortexing to aid dissolution of the mucinous secretions. The resulting solutions were centrifuged (5 min, 600 ϫ g) to remove cells and particulate matter.
QUANTITATION OF TOTAL ADENINE NUCLEOTIDES IN
NASAL LAVAGES. The initial ATP concentration in nasal lavages with and without methacholine treatment was measured using the luciferinluciferase assay, as described above. The total concentration of adenine nucleotides in lavages was then determined via enzymatic rephosphorylation of AMP and ADP to ATP, followed by the luciferin-luciferase assay, as previously described (34) . Briefly, samples were boiled, mixed 1:1 with a reaction mixture containing pyruvate kinase (22 U/ml), adenylate kinase (100 U/ml), and phosphoenolpyruvate (2.8 mM) in rephosphorylation buffer (in mM: Hepes, 25; KOH, 15; MgSO 4 , 10) and incubated at room temperature for 3 hr. The resulting ATP concentration was determined with the luciferinluciferase assay, using ATP standard curves prepared in an identical reaction mixture. P]␥ATP (0.5 Ci/sample; 1-500 M final concentration) to 0.1 ml of lavage/buffer solution at 37 ЊC and stopped with 0.5 ml of cold 5% trichloroacetic acid (TCA). TCA was extracted from the samples using 8 volumes of ethyl ether. The metabolism of radiolabeled nucleotides was monitored using HPLC, as described above. The apparent V max of ATP hydrolysis was determined using saturating substrate concentrations (0.5 mM), with reaction times chosen to ensure that Ͻ15% metabolism of the added substrate had occurred. Comparisons were made between baseline lavages (no methacholine), lavages enriched with SMG secretions (post-methacholine), and lavages performed after ipratropium bromide ϩ methacholine. The effect of selected ATPase inhibitors were tested, including NaN 3 (20 mM), HgCl 2 (10-100 M), ouabain (1 mM), tetramisole (5 mM), and sodium orthovanadate (1mM). The requirement for divalent cations was tested with EGTA (5.0 mM) and EDTA (5.0 mM). Inhibitors were added to lavage solutions 15 min prior to the addition of substrate.
Metabolism of Nucleotide Triphosphates by Cultured Airway Epithelial Cells
Nasal epithelial cell cultures were produced and maintained as described above. 
Results
Basal Nucleotide Concentrations in Airway Surface
Liquid in Vivo (Fig. 1) The concentration of ATP in nasal ASL, after correcting for dilution using urea measurements, was 470 Ϯ 131 nM in normal subjects, and 911 Ϯ 199 nM in CF subjects. These values were not significantly different (p ϭ 0.18). Similarly, no difference in UTP concentrations was detected in nasal ASL from normal and CF subjects (37.0 Ϯ 7.2 nM and 33.3 Ϯ 11.8 nM, respectively; p ϭ 0.81; Fig. 1 ). To test nucleotide stability in samples collected and stored by these methods, we performed pilot experiments that demonstrated the ATP concentration measured in a lavage aliquot was not different, whether assayed immediately after collection, after a brief centrifugation to pellet any cells (600 ϫ g, 2 min), or after a freeze-thaw cycle (variability Ͻ5% for all samples; data not shown). To determine whether the presence of extracellular nucleotides was the result of cellular damage, we measured lactate dehydrogenase (LDH) activity in samples. LDH levels were uniformly below detectable levels by this method.
Basal ATP Release from Cultured Nasal Epithelial Cells: Normal vs. CF (Fig. 2) The maintenance of a basal NTP concentration in vivo suggests that there may be a balance between constitutive NTP release and metabolism. To explore this possibility, we used cultured, polarized airway epithelia as a model of native airway epithelia. Although cultured airway cells have been shown in the past to respond to "non-injurious" mechanical stimuli by releasing ATP and UTP (25, 27, 30) , ATP release from non-stimulated airway epithelial cells has not been demonstrated previously. To test for constitutive release, we used a protocol that simultaneously measured the concentration of ATP in ASL and the rate of metabolism of [ 32 P]␥ATP. A trace quantity of [ 32 P]␥ATP was introduced at time zero, and aliquots subsequently were withdrawn at designated intervals. The ATP concentration measured by the luciferin-luciferase assay in aliquots from the apical bath remained constant over time both in normal (3.5 Ϯ 1.5 nM; n ϭ 3 patients; 4 cultures/patient) and CF cultures (8.3 nM; n ϭ 2 patients; 4 cultures/patient). HPLC analysis of the same samples, however, detected the rapid hydrolysis of the terminal phosphate from [ 32 P]␥ATP, indicating ongoing ATP metabolism (Fig. 2A) . The observation of a constant ATP concentration, despite ongoing ATP hydrolysis, suggested that constitutive ATP release occurred under these basal conditions at a rate that precisely offset the measured basal hydrolytic rate. Importantly, the calculated rate of ATP release (Fig. 3A) To determine if normal and CF airways continuously released ATP in vivo, we used a protocol employing continuous nasal perfusion with warmed saline. Continuous perfusion resulted in a nearly constant concentration of ATP in the effluent within 2-3 min of initiating perfusion. This steady-state concentration was maintained for more than 15 min in most experiments, suggesting that ATP was released at a rate equal to its removal by perfusion under these conditions. Data from normal (N ϭ 5) and CF (N ϭ 5) subjects revealed no difference in the mean steady-state rate of ATP release (from minutes 3 to 15) during saline perfusion (66.7 Ϯ 11.6 vs. 93.5 Ϯ 16.6 pmoles/min, respectively; p ϭ 0.26; Fig. 3A) . LDH was below detectable levels in these samples. (Fig. 3B) We tested whether an agent that activates CFTR chloride conductance by raising intracellular cAMP also stimulated ATP release in vivo in normal or CF subjects. Isoproterenol (10 M) was delivered onto the nasal mucosa with a hand-held nebulizer, followed by ASL sampling as performed during basal [NTP] measurements. The contralateral nostril was used for a vehicle control. The ATP concentration measured in these lavages was corrected for dilution using urea concentration measurements. In these experiments, we did not observe an increased ATP concentration in lavages after isoproterenol treatment compared with vehicle controls in either normal or CF subjects (Fig. 3B) . (Fig. 4) Because glands secrete the liquid lining nasal surfaces, we hypothesized that submucosal gland (SMG) secretions may act in series with (B) Comparison of isoproterenol vs. vehicle on ATP release. Using a hand-held nebulizer, isoproterenol (10 M) was applied to one nostril in normal (n ϭ 5; solid circles) and CF (n ϭ 4; open squares) subjects, and an equal volume of vehicle (.9% NaCl) to the opposite nostril. Nasal lavages were performed 2 min after applying the respective agents, and ATP and urea concentrations were measured. The ATP concentration after isoproterenol vs. vehicle (corrected for dilution) from each patient is plotted with respect to the line of unity (dashed line).
Basal ATP Release from Normal and CF Nasal Mucosa in vivo
Regulated Release of ATP from the Superficial Epithelium in vivo
Effect of Submucosal Gland Secretions on NTP Concentrations in ASL
the surface epithelia to regulate ASL ATP levels in large airways. Two mechanisms predict that SMG secretions would contain a large concentration of nucleotides. First, as ATP is packaged and released from granules in nerve (35, 36) and adrenal chromaffin cells (37) , SMGs may also release ATP via an exocytotic mechanism. Second, since CFTR is most abundantly expressed in SMGs (38) , CFTR-mediated nucleotide release might be most readily detected in nasal lavages from normal, as compared with CF, subjects after stimulating SMG secretion. We tested these hypotheses by stimulating SMG secretion in vivo with a cholinergic agonist, followed by the luciferin-luciferase assay to measure the ATP concentration.
In contrast to our hypotheses, the ATP concentration in lavages after stimulating gland secretion was markedly lower than in basal lavages from normal ( Fig. 4A) and CF subjects. This difference could not be attributed to simple dilution of ASL nucleotides by gland secretions, as the volume of gland secretions accounted for only 10-15% of the final lavage volume. Instead, this marked decrease in ATP concentration reflected the presence of a secreted NTPase, as evidenced by the observation that exogenous ATP rapidly disappeared when added to nasal lavages enriched with gland secretions (Fig. 4B) . Boiling lavages for 1 min prevented the metabolism of exogenously added ATP (Fig. 4B) (Fig. 4C) , thus confirming the presence of a NTPase.
Selected ATPase and phosphatase inhibitors were tested to characterize the type of NTPase activity present in SMG secretions. Ouabain (1 mM), sodium orthovanadate (1 mM), and tetramisole (5 mM) had no effect on the observed ATPase activity. HgCl 2 , which was reported to potently inhibit apyrase (CD39, ATP dihydrophosphorylase), had no inhibitory effect at concentrations up to 100 M (39) . Sodium azide (20 mM), an inhibitor of both F-type (mitochondrial) and E-type ATPases, produced a 37 Ϯ 2.5% inhibition of enzyme activity. Chelation of magnesium and calcium resulted in a 90 Ϯ 3.5% loss of enzyme activity. This panel of results was similar to that reported for E-type ATPases (40) .
The secretion of a soluble NTPase caused decreased ATP levels in lavages after SMG stimulation and complicated testing the hypothesis that release of ATP could occur from SMGs. To assess ATP secretion in the presence of a NTPase, we quantitatively rephosphorylated all AMP and ADP in these nasal lavages to ATP, using myokinase and pyruvate kinase, and then measured the final concentration of ATP with the luciferin-luciferase assay. These experiments demonstrated that the total amount of adenine nucleotides in lavages from normal subjects before and after cholinergic stimulation was not different (Fig. 4D ). These findings, therefore, suggested that SMGs were not a source of extracellular adenine nucleotides. (Fig. 5) Because of the surprising finding that SMGs secreted a soluble NTPase, we investigated its Fig. 5 . ATPase activity in nasal lavages. ATPase activity in baseline lavages (B), after methacholine treatment (M), and after ipratropium bromide followed by methacholine (IϩM) from normal (n ϭ 4) and cystic fibrosis (CF; n ϭ 3) patients. For comparisons, * denotes p Ͻ 0.05, and ** denotes p Ͻ 0.005. activity on the nasal surface of normal and CF subjects under both basal conditions and after submucosal gland stimulation (Fig. 5) . Prior to SMG stimulation, lavages from normal subjects contained a small, but detectable, amount of ATPase activity; whereas, basal lavages from CF subjects had significantly more activity (0.07 Ϯ 0.03 vs. 0.97 Ϯ 0.34 nmoles/ min·ml, respectively; p Ͻ 0.05). After stimulating SMG secretion with methacholine, a markedly increased ATPase activity was observed both in normal (3.02 Ϯ 0.46 nmoles/ min·ml) and CF (7.07 Ϯ 1.50 nmoles/ min·ml) subjects (Fig. 5) . Pretreatment with the cholinergic receptor antagonist ipratropium bromide nearly abolished the observed increase in ATPase activity in response to methacholine (Fig. 5) , demonstrating that the methacholine induced effect was indeed a cholinergic receptor mediated event and not a non-specific/ toxic reaction to the drug.
Nucleotide Triphosphate Metabolism by a Soluble NTPase
Nucleotide Triphosphate Metabolism by Airway Epithelial Cultures
To test for nucleotide metabolism on normal and CF airway superficial epithelial surfaces, we measured the initial rates of ATP and UTP metabolism on well-differentiated, cultured nasal epithelial cells. CF epithelia demonstrated a moderately increased apparent V max for ATP hydrolysis 
Discussion
An important issue in the field of extracellular nucleotide biology is whether ABC transporters regulate the release of ATP. This issue bears directly on the pathophysiology of CF, because of earlier reports, emanating primarily from in vitro cell culture models, describing a role for CFTR in epithelial cell ATP release. However, subsequent reports addressing the role of CFTR in epithelial ATP release are remarkable for their lack of consensus. Based on their disparate findings, groups have concluded that CFTR itself functions as an ATP channel (7, 9, 13, 41) , is a regulator of a separate but associated channel (10, 11) , or has no relationship to ATP transport whatsoever (25) (26) (27) (28) (29) . Although there has been much speculation over the factors leading to these differences (41) (42) (43) , controversy in this field continues to exist. We, therefore, turned to a human in vivo system in an attempt to ascertain the physiologic importance of CFTR-mediated ATP release.
Using a lavage technique designed to minimize mechanical perturbation of the nasal epithelium, we measured basal levels of ATP in nasal ASL from normal and CF subjects in vivo. No significant difference in ATP concentrations was found between normal and CF subjects under these conditions (Fig. 1) . We extended these studies to UTP, because of its potency at airway P2Y 2 receptors and reports that UTP was released by airway epithelia (30) . Once again, no difference in UTP concentrations between CF and normal subjects was detected in vivo.
Although a normal and CF basal nucleotide levels were similar within a given experimental system, a large discrepancy appeared to exist between the resting levels of ATP in the media bathing cultured epithelia (Fig. 2) and our ureacorrected in vivo measurements (Fig. 1) . To more directly compare data from these different experimental systems, we normalized the mass of recovered ATP to the epithelial surface area that was sampled. In the case of the in vivo experimental system, the volume of ASL recovered was calculated by applying simple dilution principles to the concentration of urea measured in these samples. The epithelial surface area associated with this ASL volume then was determined by assuming that the nasal ASL height approximated 50 M [based on published figures for total nasal ASL volume (32) and surface area (44) ]. Using this approach, the mean basal levels of ATP in ASL were 2.36 ϫ 10 Ϫ12 and 4.27 ϫ 10 Ϫ12 moles/cm 2 in normal and CF subjects, respectively. These data are in remarkably close agreement with the mean resting ATP levels measured in vitro, where 1.6 ϫ 10 Ϫ12 and 3.8 ϫ 10 Ϫ12 moles/cm 2 were measured in normal and CF cultures, respectively. The consistency of these results suggest that our in vitro cultures are indeed a good model for the study of airway nucleotide release, and lessen the likelihood that our in vivo results are spurious. Although this high degree of correlation is reassuring, one must keep in mind that several assumptions are incorporated into these calculations, including the height of the nasal ASL layer in vivo. Perhaps more importantly, we do not know whether the concentration or number of moles bathing a cultured epithelium might change as the volume of overlying media is reduced from the "thick-film" conditions imposed by these experiments (∼4000 M), to more physiologic "thin-film" conditions (ASL 10-50 M in height). Although these data suggest that reduced basal nucleotide concentrations do not contribute to CF airways disease pathogenesis, they do not definitively rule out the hypothesis that CFTR is involved in ATP transport, because reduced nucleotide release by CF epithelia could have been offset by reduced metabolism by ecto-nucleotidases. We, therefore, directly measured rates of ATP release and extracellular metabolism by normal and CF airway epithelial cultures. Using a novel assay to measure basal rates of ATP release under truly non-stimulated conditions, we found no difference in the rates of ATP release by normal and CF cultures (Fig. 2) . Similarly, rates of nucleotide metabolism by CF airway cultures were not reduced, but in fact modestly, though significantly, elevated, compared with normal cultures. Together, these data support the notion that the important pathways for nucleotide release from cells are intact in the CF epithelium. In addition, this assay is the first to demonstrate that ATP release occurs continuously during non-stimulated conditions and, thus, provides a mechanism for the maintenance of ATP levels in ASL in the presence of active ecto-nucleotidases.
The two prior reports of basal ATP release from normal and CF epithelia differ in their findings. These results (Fig. 2) are consistent with those of Grygorczyk et al., who did not detect differences in resting ATP concentrations, nor mechanically stimulated ATP release, between normal and CF epithelial cell lines (27) . Our results differ from Taylor et al. (14) , who detected significant basal ATP release from normal but not CF cell lines. There are differences in the bioluminescent assays used to detect ATP release that may contribute to these discrepant results. The assay we developed avoids mechanically stimulated ATP release (e.g. washing cells, changing media, or movement of the culture plate) and is the first to incorporate measurements of endogenous nucleotide metabolism, thus, allowing determination of ATP release rates without limitation by concomitant ectonucleotidase activity. Perhaps more importantly, our study is the first to directly compare normal and CF primary cultured cells, rather than immortalized cell lines.
Although our in vitro studies allowed us to examine nucleotide release and metabolism under non-stimulated conditions, the lack of suitable reagents precluded direct measurement of metabolism in vivo. Measurements of ATP release, however, were feasible. Slow, continuous perfusion of the nasal epithelium with warmed saline was associated with a rapid reduction of the ATP concentration in the superfusate over the first 2-3 min, followed by steady-state levels. The initial peak in ATP levels may reflect washout of ATP preexistent on the mucosal surface, and/or mechanically stimulated ATP release resulting from catheter placement and the initiation of perfusion. Because perfusion served to reduce the effects of extracellular metabolism, the lower steadystate levels reflected the rate of ATP release. Like the measurements made in vitro, the ATP release rates measured in normal and CF subjects were not different (Fig. 3A) . Cell lysis as the source of the measured ATP seems unlikely, because cell damage, in response to slow saline perfusion, would need to occur at a constant rate to produce the observed constant ATP concentration during 15 min of perfusion.
Two approaches were employed to test whether regulated release of ATP occurred in vivo and if it was dependent on CFTR function. First, we explored the regulation of ASL ATP concentration by ␤-adrenergic receptor agonists. No increase in ATP levels was detected in vivo in normal subjects (or CF) in response to isoproterenol, suggesting that cAMP was not able to stimulate ATP release from the superficial epithelium via CFTR activation (Fig 3B) . Second, because CFTR is most abundantly expressed in glandular epithelia (38) , we tested the hypothesis that normal glands, when stimulated, would vigorously secrete ATP; whereas, CF glands might be expected to exhibit defective ATP secretion. These experiments detected no significant release of ATP from submucosal glands in either group and, instead, revealed the secretion of a soluble NTPase from both normal and CF glands. Together, these experiments support the notion that CFTR-mediated ATP release is not biologically relevant in airways.
In addition to addressing the hypothesis that CFTR regulates ATP release, our data have implications for the physiology of the P2Y 2 receptor system in airways in vivo. Our data provide the first in vivo measurements of nucleotide concentrations in ASL. The measured basal ATP concentration of ∼0.5-1.0 M approximates the concentration at which chloride secretion can first be detected in vivo using the nasal potential difference technique (45) . Relatively small increases in ATP release, therefore, might lead to a rapid increase in chloride secretion and, perhaps, accelerate mucociliary clearance rates. This basal ATP concentration would also be unlikely to cause receptor desensitization, as has been shown to occur experimentally at higher nucleotide concentrations in heterologous cells (46) . The much lower concentration of UTP in ASL (Fig. 1) suggests that ATP is the more physiologically important P2Y 2 agonist in vivo.
The finding that glands secrete a NTPase also adds to our understanding of nucleotide receptor regulation in airways. Although the paradigm for extracellular nucleotide metabolism generally has been limited to cell-attached ecto-nucleotidases, growing precedent exists for secreted nucleotidases. Relevant to our findings are reports of secreted ATPase and ATP-diphosphohydrolases (ATPDase) activities from other glandular tissues such as oviduct (47,48) and prostate (49) . In these tissues, an ATPDase may be secreted into the luminal compartment via microvesicular shedding from the plasma membrane (50) . Our finding of cholinergic receptor-mediated ATPase secretion from SMGs suggests that the rate of glandular secretion in vivo provides a means of regulating nucleotide concentrations on airway surfaces. Whether gland hypersecretion in diseases such as CF and chronic bronchitis reduces lower airway ATP concentration, with a potential consequence being reduced mucociliary clearance rates, will be important to study.
In summary, our data show that: (1) the basal concentrations of ATP and UTP in nasal ASL in vivo are not reduced in CF; (2) rates of ATP release from CF epithelia are not reduced either in vitro or in vivo; and, (3) cAMP does not regulate ATP release. These findings suggest that CFTR-mediated nucleotide release does not play an important role in determining the extracellular NTP concentrations in vivo or a pathophysiologic role in the development of CF lung disease. Our data do indicate that ATP is present in the ASL of normal and CF subjects at concentrations well-suited for the dynamic regulation of mucociliary clearance via P2Y 2 receptors.
